Objective: Atypical antipsychotic drug treatment is clinically effective with a low risk of extrapyramidal symptoms. Explanations for the mechanism underlying this beneficial therapeutic profile of atypical over typical antipsychotic agents include 1) simultaneous antagonism of dopamine D 2 and serotonin 5-HT 2A Results: Eight amisulpride-treated patients (mean dose=406 mg/day) showed moderate levels of D 2 /D 3 receptor occupancy in the striatum (56%), and significantly higher levels were seen in the thalamus (78%) and temporal cortex (82%). Cl inically effective antipsychotic drugs share dopamine D 2 receptor antagonism. Although prospective neuroimaging studies have suggested a threshold level (>65%) of striatal D 2 receptor occupancy necessary for clinical response, occupancy of striatal D 2 receptors (nigrostriatal dopamine pathway) by antipsychotic drugs (>80%) seems to be a better predictor of extrapyramidal side effects than clinical response (1, 2). Schizophrenia patients show extrapyramidal side effects at high levels of striatal D 2 receptor occupancy regardless of clinical response (3), and some patients resistant to typical antipsychotic treatment respond to clozapine with lower striatal D 2 receptor occupancy than the suggested threshold (3-5). It has been suggested that dopamine receptors in limbic cortical areas (mesocortical dopamine pathways) are more relevant than striatal dopamine receptor populations for the pathophysiology of schizophrenia and that they mediate the therapeutic effects of antipsychotic drugs (6).
mine D 2 receptor antagonism. Although prospective neuroimaging studies have suggested a threshold level (>65%) of striatal D 2 receptor occupancy necessary for clinical response, occupancy of striatal D 2 receptors (nigrostriatal dopamine pathway) by antipsychotic drugs (>80%) seems to be a better predictor of extrapyramidal side effects than clinical response (1, 2) . Schizophrenia patients show extrapyramidal side effects at high levels of striatal D 2 receptor occupancy regardless of clinical response (3) , and some patients resistant to typical antipsychotic treatment respond to clozapine with lower striatal D 2 receptor occupancy than the suggested threshold (3) (4) (5) . It has been suggested that dopamine receptors in limbic cortical areas (mesocortical dopamine pathways) are more relevant than striatal dopamine receptor populations for the pathophysiology of schizophrenia and that they mediate the therapeutic effects of antipsychotic drugs (6) .
Atypical antipsychotic drug treatment is clinically useful, with a lower propensity than typical (conventional) antipsychotic treatment to induce extrapyramidal side effects. Different hypotheses have been formulated to explain atypicality. Consideration of the multiple sites of action of atypical antipsychotic drugs such as clozapine, olanzapine, risperidone, and quetiapine has led to suggestions that action at sites other than dopamine D 2 receptors, in particular serotonin 5-HT 2A receptors, may be necessary for an atypical clinical profile (7) . Alternative hypotheses suggest that action at D 2 receptors is sufficient to explain atypicality, through either fast dissociation from D 2 receptors (8) or selective binding at limbic and cortical regions (9) . According to the "limbic selectivity" hypothesis, atypical antipsychotic drugs induce relatively high occupancy of limbic cortical D 2 receptors, which is associated with clinical efficacy, and moderate striatal occupancy, which is associated with a low incidence of extrapyramidal side effects.
In vivo neuroreceptor imaging studies have shown that therapeutic doses of typical antipsychotic drugs produce high blockade of D 2 -like receptors (D 2 /D 3 ) equally in lim-bic cortical areas and the striatum and are likely to induce extrapyramidal side effects (10) (11) (12) . While several atypical antipsychotics (e.g., clozapine, olanzapine, risperidone and quetiapine) show preferential occupancy of D 2 /D 3 receptors in limbic cortical areas (11) (12) (13) (14) (15) (16) , all of the atypical antipsychotic drugs examined in these studies are 5-HT 2A receptor antagonists, and the effects of this antagonism cannot be ruled out as a possible explanation for their clinical efficacy without causing extrapyramidal side effects.
Amisulpride is a highly selective dopamine D 2 -like receptor antagonist (K i =2.8 nmol/liter for D 2 receptors and K i =3.2 nmol/liter for D 3 receptors), with several orders of magnitude higher affinity for D 2 /D 3 receptors than any other receptor population (17) . A PET study of amisulpride-treated patients found no significant binding to 5-HT 2A receptors (18) . In clinical trials, amisulpride has shown therapeutic benefit with placebo-level extrapyramidal side effects (19) . This and its highly specific receptor profile make it ideally suited to test whether antipsychotic efficacy and a low incidence of extrapyramidal side effects may be achieved purely by selective action at limbic cortical dopamine D 2 /D 3 receptors in vivo.
For this study, we used [ 123 I]epidepride, a high-affinity radioligand (K d =24 pmol/liter) for striatal and extrastriatal D 2 receptors, and single photon emission tomography (SPET) to evaluate in vivo striatal and corticolimbic dopamine D 2 /D 3 receptor occupancy with amisulpride treatment.
Method
Approval for the study was obtained from the South London and Maudsley National Health Service Trust Ethics Committee and the U.K. Administration of Radioactive Substances Advisory Committee. Patients were recruited from the South London and Maudsley National Health Service Trust, London, and written informed consent was obtained after study procedures and possible side effects were explained.
Subjects
The inclusion criteria were a diagnosis of schizophrenia according to DSM-IV criteria and compliant treatment with amisulpride for more than 3 weeks before scanning. Exclusion criteria were other primary psychiatric or physical illnesses, drug or alcohol dependence syndrome, or concomitant use of another antipsychotic drug. Absence of major cognitive deficit was confirmed by using the Mini-Mental State Examination (20) . Nine patients with schizophrenia took part in the study. Three patients were taking adjunctive medications. These included venlafaxine (patients 4 and 6: 150 and 225 mg/day, respectively), sodium valproate (patient 5: 1000 mg/day) and anticholinergic drugs (patient 4: procyclidine, 10 mg/day; patient 6: orphenadrine, 400 mg/day). No amisulpride was detected in a plasma sample from one patient (limit of detection of assay 10 µg/liter), who was therefore not included in the study (exclusion or inclusion of this patient did not change any of the study's findings).
Healthy comparison subjects (N=6) were recruited from the community. The subjects were sex-and age-matched with the patients (mean age=30 years, SD=3; one subject was female). They completed a general health screening and drug and alcohol misuse checklist. Volunteers with current or previous physical or psychiatric illness including drug or alcohol dependency syndromes were excluded.
Clinical Management and Assessment
Medication was freely titrated for optimal control of symptoms. Amisulpride was the second-line drug in all cases. Clinical ratings were performed by a trained psychiatric rater (R.A.B.) at the time of the scan. In four cases, assessment was also performed before amisulpride treatment. Psychiatric symptoms were assessed with the 24-item Brief Psychiatric Rating Scale (BPRS) (21) , the Positive and Negative Syndrome Scale (22) , and the Calgary Depression Rating Scale for Schizophrenia (23) . Global functioning was assessed with the Global Assessment Scale (GAS) (24) . Extrapyramidal side effects were rated with the Simpson-Angus Rating Scale for parkinsonian symptoms (25) , the subjective and objective Barnes Rating Scale for Drug-Induced Akathisia (26) , and the Abnormal Involuntary Movement Scale (AIMS) for tardive dyskinesia (27) . 
Preparation of [ 123 I]Epidepride

SPET Image Acquisition
Four fiducial markers, each filled with approximately 0.1 MBq of 123 I, were attached to the subject's head in the orbitomeatal line at the corners of the eyes and behind the ears to allow realignment of data from different imaging sessions.
Dynamic SPET studies were performed by using a Prism 3000XP triple-headed scanner equipped with a 153 Gd transmission source (Philips Medical Systems, Cleveland). The three detectors were fitted with ultra-high resolution low-energy fan beam collimators (focal length=50 cm). Primary emission data were collected in a 15% wide energy window centered at 159 keV. Two 3% wide windows were placed on either side of the peak to detect scattered and high-energy photons. Projections (N=120) were acquired over 360° in 128×128 matrices with a pixel size of 3.56 mm.
An intravenous bolus injection of approximately 150 MBq of [ 123 I]epidepride was administered. Scanning started at the time of injection and continued for 5 hours postinjection in a series of five imaging sessions with breaks in between. The first session was 60 minutes long for nine subjects and 30 minutes long for the remaining five subjects. The subsequent sessions were 30 minutes long, followed by 30-minute breaks. Data were acquired in time frames of 5 minutes for the first 40 minutes, and then in 10-minute frames for the rest of the scan. Transmission scans were performed at the end, using the simultaneous transmission emission protocol (STEP, Philips Medical Systems) with a 20% energy window centered at 100 keV.
Image Reconstruction
Image reconstruction and processing were done with in-house software implemented in C and IDL 5.1 (Interactive Data Language, Research Systems, Inc., Boulder, Colo.) and is described in more detail in Bressan et al. (16) . Transmission images were reconstructed by using an ordered subset implementation of the convex maximum likelihood algorithm (28) . The emission data were corrected for scatter by using the triple energy window method (29) . Tomographic images were reconstructed by filtered back projection. Attenuation correction was made by the secondorder Chang method on the basis of the measured transmission maps (30) . The final resolution in the images was approximately 11 mm (full width at half maximum).
Kinetic Modeling
Images were analyzed by using a customized IDL 5.1 analysis platform. Regions of interest for striatum, temporal cortex, thalamus, and cerebellum were defined on integrated images corresponding to the first 60 minutes of acquisition. Regions were defined in accordance with standard anatomical sections (31) on a minimum of three slices. Regional radioactivity concentrations for each region were computed by pooling the corresponding region of interest values and by averaging the left and right regional values. Regions were applied to coregistered images to 5 hours after radioligand injection. The temporal cortical regions of interest incorporated the inferior and medial temporal cortex, including entorhinal cortex, hippocampus, and amygdala.
Time-activity curves were generated based on regions of interest. Kinetic analysis was done with the simplified reference tissue model, with the cerebellum used as a region of nonspecific binding (32) . The cerebellum can be assumed to be free of D 2 receptors (33) and represents background uptake (nonspecific binding plus free ligand). Time-activity curves of regions with specific binding were fitted with reference region models according to the following operational equation:
where C T (t) and C R (t) are the activity concentrations in the target and reference regions, respectively, as a function of time. R 1 is the target-to-reference region delivery ratio, k 2 is the rate constant for transfer from the free plus nonspecific compartment to plasma, BP is the binding potential for the target region, λ is the decay constant for 123 I, and ⊗ is the convolution operator.
D 2 /D 3 Receptor Occupancy Estimation
Estimates of receptor occupancy, O, were made relative to a normal volunteer comparison group by using the following formula:
where BP v is the mean binding potential value of the healthy volunteer group and BP p is the binding potential value of each amisulpride-treated patient.
Plasma Amisulpride Measurement
Blood samples were taken by venipuncture in the forearm and were collected in a heparinized tube before the SPET scans. The tubes were centrifuged (1,500g for 3 minutes) to separate plasma, which was in turn drawn off into a tube and stored at approximately -15°C. Plasma amisulpride was measured by high performance liquid chromatography with fluorescence monitoring (excitation=280 nm, emission=370 nm). Internal quality control samples (75 and 250 µg/liter amisulpride) were analyzed with each sample batch. The limit of accurate measurement was 1 µg/liter (200 µ/liter sample). Two samples (patient 1 and patient 4) were lost during storage and were considered missing.
Statistical Analysis
Statistical analysis was performed by using the Statistical Package for Social Sciences (SPSS) version 10.0 for Windows. Unpaired t tests were used to compare D 2 /D 3 binding potential values for the healthy volunteers and the amisulpride-treated patients. A general linear model for repeated measures with within-subjects factor at three levels was applied to compare D 2 /D 3 receptor occupancy in three regions evaluated: the striatum, thalamus, and temporal cortex. The striatum was used as the reference category for individual comparisons. Correlations between amisulpride daily dose and plasma concentration and regional brain D 2 /D 3 receptor occupancy values were performed by using Spearman rank correlation coefficient (two-tailed). The occupancy versus amisulpride plasma concentration data were fitted by using a hyperbolic equation describing the binding of a ligand following the law of mass action:
where O is the receptor occupancy (%), p is the amisulpride plasma concentration (µg/liter), and a 1 and a 2 are free parameters. One curve was fitted to the striatal data and one to the extrastriatal data.
Results
Subject Characteristics and Clinical Assessment
Eight patients with schizophrenia and six healthy volunteers were studied. There were no significant differences in age between healthy volunteers and patients (t=-4.3, df=12, p=0.70). Table 1 shows patient's demographic and treatment characteristics, and Positive and Negative Syndrome Scale scores on the day of the scan. Mean scores for the remaining assessments were as follows: Positive and Negative Syndrome Scale, general psychopathology: 33 (SD=10); BPRS: 46 (SD=12); Calgary Depression Rating Scale for Schizophrenia: 6 (SD=6); GAS: 51 (SD=10); Simp- Temporal  Cortex  1  22  M  10  17  400  -42  200  2  19  61  71  2  26  F  14  10  400  220  116  200  3  64  84  89  3  26  M  11  25  150  120  21  100  3  41  64  68  4  34  M  17  16  600  460  300  300  3  71  90  91  5  38  M  14  15  600  -156  300  2  75  75  84  6  47  M  17  21  400  390  487  200  3  75  87  91  7  27  M  13  20  400  300  34  400  3  61  91  83  8  31  M  12  17  300  180  360  150  3  41  74 
http://ajp.psychiatryonline.org son-Angus Rating Scale: 1 (SD=3); Barnes Rating Scale for Drug-Induced Akathisia: 3 (SD=4); and AIMS: 2 (SD=5). Among the four patients evaluated prospectively, there were nonsignificant changes in positive, negative, depression, or general psychopathology symptoms and global assessments scales during amisulpride treatment. Two patients (patients 1 and 7) developed mild to moderate akathisia, and one patient (patient 7) developed minimal extrapyramidal symptoms. No treatment-emergent tardive dyskinesia was observed.
For the mean amisulpride dose of 406 mg/day (range= 150-600 mg/day), the mean amisulpride plasma concentration was 278 µg/liter (Table 1 ). There was a significant correlation between amisulpride dose and plasma concentration (r=0.94, df=4, p<0.01). Figure 1 shows the concentration of D 2 /D 3 receptors in the striatum, thalamus, and temporal cortex in a normal volunteer and in an amisulpride-treated patient, and Figure For a mean amisulpride dose of 406 mg/day, the mean D 2 /D 3 receptor occupancy was 56% in the striatum, 78% in the thalamus, and 82% in the temporal cortex ( Figure  3 ). Higher occupancy in extrastriatal than striatal regions is evident at all plasma concentrations reported ( Figure  4) . Multivariate tests showed significant differences in the D 2 /D 3 receptor occupancy observed in the three regions examined (F=18.2, df=2, 7, p<0.01). Post hoc contrasts showed that D 2 /D 3 receptor occupancy was significantly lower in the striatum than in the thalamus (F= 32.0, df=1, 8, p<0.01) and temporal cortex (F=41.5, df=1, 8, p<0.01).
Amisulpride D 2 /D 3 Receptor Occupancy in Vivo
Positive correlations were found between amisulpride plasma concentration and occupancy values in the striatum (r=0.83, df=4, p<0.01), thalamus (r=0.83, df=4, p<0.01), and temporal cortex (r=0.89, df=4, p<0.01). Figure 4 shows the relationship between amisulpride plasma concentration and receptor occupancy in the striatum and the extrastriatal regions. Saturation of D 2 /D 3 dopamine receptors is achieved at lower plasma amisulpride concentrations in extrastriatal regions than in the striatum.
Discussion
In this report, we studied dopamine D 2 (34, 35) and challenge the notion that mixed antagonism of different neuroreceptor populations is an essential requirement for an atypical antipsychotic drug.
Methodological Considerations
The SPET technique has a lower spatial resolution than PET, which might result in partial volume effects. Any partial volume differences between individuals are assumed to cancel out between groups in the occupancy calculation.
In this work and in another study (16) On the basis of their simulation results (simulating a situation in which data acquisition continued for 60 minutes after ligand injection), the authors suggested that the use of the ratio method may result in inaccurate occupancy values (36) . Simulation experiments performed in our own laboratory show that the Olsson and Farde results cannot be extrapolated to the data acquisition time period actually used in the earlier epidepride studies (which was 180-240 minutes postinjection) (37) . We have recently performed a methodological study based on experimental data. This study showed that the use of the ratio method with epidepride could result in a relative uncertainty in striatal occupancy estimation of about 10% (e.g., this would result in an estimated occupancy of 50% when the true value may be 55%). Both the modeling and ratio methods produce correct temporal cortical occupancy values (37) . The minimal extrapyramidal side effects observed here make it highly likely that the true striatal occupancy is in any case lower than the values we obtained for the temporal cortical occupancy.
The present group of subjects was studied after a mean period of 173 days following discontinuation of their previous antipsychotic drug (which was an atypical antipsychotic in all cases). Evidence from primates treated with antipsychotic drugs at a duration and dose similar to humans suggests that D 2 receptor binding to [ 125 I]epidepride is increased, and D 2 receptor mRNA turnover is also increased if animals are sacrificed and studied immediately after medication withdrawal (6) . These effects are regionally selective in that haloperidol affects both cortical and striatal D 2 receptors, and clozapine and remoxipride upregulate D 2 receptors only in the cortex. There are no data for animals or humans on whether these effects persist beyond 24 hours. It is unlikely that these effects would account for the regional selectivity of D 2 occupancy by amisulpride found in this sample. If previous treatment with atypical antipsychotic drugs had theoretically affected D 2 receptor density selectively in the cortex, our finding would have been in the opposite direction.
Two patients (patients 4 and 6) were taking venlafaxine. Antidepressants such as nortriptyline (38) (Table 1 ). In accordance with our study, the amisulpride plasma concentration positively correlated with occupancy values in all brain regions evaluated. Xiberas et al. (35) found that high doses of amisulpride resulted in high striatal D 2 /D 3 receptor occupancy and Amisulpride-treated schizophrenia patients in our study had higher D 2 /D 3 receptor occupancy in the temporal cortex and thalamus than in the striatum, and the difference between extrastriatal and striatal regions were highly significant. This suggests that amisulpride selectively binds to limbic D 2 /D 3 receptors, which replicates previous in vitro studies with amisulpride (17) and in vivo PET and SPET studies with other atypical antipsychotic drugs (11) (12) (13) (14) (15) (16) .
Relevance of the Findings to Hypotheses of Atypical Antipsychotic Drug Action
The fact that amisulpride is virtually devoid of affinity for receptor sites other than D 2 /D 3 receptors confirms suggestions that combined 5-HT 2A /D 2 antagonism is not essential for atypical antipsychotic actions (8, 19) . The data from this study suggest that selective occupancy of dopamine D 2 /D 3 receptors is sufficient to explain the action of amisulpride. Kapur and Seeman (8) suggested that low affinity and fast dissociation from D 2 receptors are critical for atypicality. Atypical antipsychotic drugs including amisulpride have higher affinity constants than dopamine itself and may be easily displaced by endogenous dopamine (40) . Strange (9) suggests the mechanism underlying a limbic cortical selective action of atypical antipsychotic drugs is related to regional tissue dopamine concentration relative to receptor density, and intra-or extrasynaptic receptor localization. In areas with higher dopamine concentrations such as the striatum, dopamine could displace the antipsychotic drug from the receptor, resulting in apparent lower D 2 /D 3 receptor occupancy by these drugs. However, in areas with lower dopamine concentration (such as the cortex), there is less competition with dopamine for binding to the receptor. This leads to greater occupancy of dopamine D 2 /D 3 receptors by the atypical antipsychotic drug.
Further research is necessary to better clarify the exact neurochemical basis of "limbic selective" D 2 /D 3 receptor occupancy by atypical antipsychotic drugs. Our findings provide further impetus for antipsychotic drug development based solely on selective action on the dopamine system by exploiting characteristics associated with modest, partial, or inverse antagonism of dopamine D 2 -like receptors or selectively targeting D 2 -like receptor subtypes involved in regulating or modulating aberrant dopamine release. 
